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ABSTRACT 
3UHVVXUHWXEHVDUHFULWLFDOFRPSRQHQWVRIWKH&$1'8UHDFWRUVDQGRWKHUSUHVVXUL]HGKHDY\
ZDWHUW\SHUHDFWRUVDVWKH\FRQWDLQWKHQXFOHDUIXHODQGWKHFRRODQW0DQXIDFWXULQJIODZVDVZHOO
DV GHIHFWV GHYHORSHG GXULQJ WKH LQ-VHUYLFH RSHUDWLRQ FDQ OHDG WR FRRODQW OHDNDJH DQG FDQ
SRWHQWLDOO\GDPDJHWKHUHDFWRU7KHFXUUHQWLQVSHFWLRQSURFHVVRIWKHVHIODZVLVEDVHGRQPDQXDOO\
DQDO\]LQJXOWUDVRQLFGDWDUHFHLYHGIURPPXOWLSOHSUREHVGXULQJSODQQHGVWDWXWRU\RXWDJHV5HFHQW
DGYDQFHV RQ XOWUDVRQLF LQVSHFWLRQ WRROV HQDEOH WKH SURYLVLRQ RI KLJK UHVROXWLRQ GDWD RI
VLJQLILFDQWO\ ODUJH YROXPHV 7KLV LV KLJKOLJKWLQJ WKH QHHG IRU DQ HIILFLHQW DXWRQRPRXV VLJQDO
DQDO\VLVSURFHVV7\SLFDOO\WKHDXWRPDWLRQRIXOWUDVRQLFLQVSHFWLRQGDWDDQDO\VLVLVDSSURDFKHGE\
NQRZOHGJH-EDVHG RU VXSHUYLVHG GDWD-GULYHQ PHWKRGV7KLV ZRUNSURSRVHV DQXQVXSHUYLVHGGDWD-
GULYHQIUDPHZRUNWKDWUHTXLUHVQRH[SOLFLWUXOHVQRULQGLYLGXDOO\ODEHOHGVLJQDOV7KHIUDPHZRUN
IROORZV D WZR-VWDJH FOXVWHULQJ SURFHGXUH WKDW XWLOL]HV WKH '%6&$1 GHQVLW\-EDVHG FOXVWHULQJ
DOJRULWKPDQGDLPVWRSURYLGHGHFLVLRQVXSSRUWIRUWKHDVVHVVPHQWRISRWHQWLDOGHIHFWVLQDUREXVW
DQG FRQVLVWHQW ZD\1HYHUWKHOHVV YHULILHGGHIHFW GLPHQVLRQV DUH HVVHQWLDO LQRUGHU WR DVVHVV WKH
UHVXOWV DQG WUDLQ WKH IUDPHZRUN IRU XQVHHQ GHIHFWV ,QLWLDO UHVXOWV RI WKH LPSOHPHQWDWLRQ DUH
SUHVHQWHG DQG GLVFXVVHG ZLWK WKH PHWKRG VKRZLQJ SURPLVH DV D PHDQV RI DVVHVVLQJ XOWUDVRQLF
LQVSHFWLRQGDWD 
.H\:RUGV&$1'8SUHVVXUHWXEHXOWUDVRQLFLQVSHFWLRQXQVXSHUYLVHGPDFKLQHOHDUQLQJ 
1 INTRODUCTION 
8OWUDVRQLFQRQ-GHVWUXFWLYHWHVWLQJLVZLGHO\XVHGIRUIODZGHWHFWLRQDQGFKDUDFWHUL]DWLRQLQPDWHULDOV
ZLWKLQ WKHQXFOHDU LQGXVWU\ >@+RZHYHU WKHDQDO\VLVRIGDWDREWDLQHG IURPXOWUDVRQLF LQVSHFWLRQ LV
WLPHFRQVXPLQJDQGRIWHQUHTXLUHVPDQXDODVVHVVPHQWGXH WR WKHFRPSOH[LW\RIGLVWLQJXLVKLQJEHWZHHQ
QRLVH DQG VLJQDOV LQGLFDWLQJ GHIHFWLYH DUHDV +DUGZDUH DGYDQFHPHQWV LQ XOWUDVRQLF QRQ-GHVWUXFWLYH
WHFKQRORJLHV RIIHU WKH DELOLW\ WR VWUHDP GDWD LQ IDU JUHDWHU YROXPHV WKDQ LQ WKH SDVW7KLV LV GULYLQJ D
GHPDQG IRU DXWRPDWLF LQVSHFWLRQ GDWD DQDO\VLV IUDPHZRUNV WKDW ZLOO DOORZ IDVWHU DVVHVVPHQW ZKLOH
PDLQWDLQLQJDFRQVLVWHQWOHYHORIUHVXOWV&RQVHTXHQWO\VHYHUDODXWRPDWLRQWHFKQLTXHVKDYHEHHQH[SORUHG
LQGLIIHUHQW LQGXVWULHVXVLQJHLWKHUNQRZOHGJH-EDVHGRU VXSHUYLVHGGDWD-GULYHQDSSURDFKHV >-@7KHVH
DSSURDFKHV XVXDOO\ LQYROYH UXOHV DVVXPSWLRQV DQG VLJQDO WUDQVIRUPDWLRQV WKDW DUH VSHFLILF WR WKH
XQGHUO\LQJ PRQLWRUHG V\VWHP FUHDWLQJ V\VWHP-VSHFLILF SURFHGXUHV RU UHTXLUH SUH-ODEHOHG LQGLYLGXDO
VLJQDOV 
&XUUHQWO\ WKHUH LV OLPLWHG UHVHDUFK IRFXVLQJ RQ WKH XQVXSHUYLVHG DQDO\VLV RI XOWUDVRQLF LQVSHFWLRQ
GDWD 2XWOLHU DQDO\VLV KDV EHHQ DSSOLHG DV D PHDQV WR GLDJQRVH WKH VWUXFWXUDO GDPDJH RI D YDULHW\ RI
V\VWHPV>-@7KLVDSSURDFKLVEDVHGRQWKHDVVXPSWLRQRIDQH[LVWLQJEDVHOLQHGLVWULEXWLRQRIµKHDOWK\¶
VLJQDOV DQG XVHV D SUH-GHILQHG WKUHVKROG RI WKUHH VWDQGDUG GHYLDWLRQV WR GHWHUPLQH WKH VWDWH RI WKH
H[DPLQHGVLJQDOV0RUHUHFHQWZRUN>@XWLOL]HVDFOXVWHULQJDOJRULWKPDQGLOOXVWUDWHGWKHIHDVLELOLW\RIWKH
PHWKRGRQSRO\PHUVSHFLPHQFRQWDLQLQJDUWLILFLDOGHIHFWV+RZHYHUWZRFUXFLDOLVVXHVPDNHWKLVPHWKRG
XQVXLWDEOH IRU RXU SXUSRVH )LUVWO\ LV WKH UHTXLUHPHQW RI SUH-GHILQHG QXPEHU RI FOXVWHUV VHH 6HFWLRQ
6HFRQGO\WKHDVVXPSWLRQRISRLQW-WR-SRLQWFRQVLVWHQF\EHWZHHQWKHVLJQDOVDUHTXLUHPHQWIRUWKH
DSSOLHGSUH-SURFHVVLQJVWHSFDQQRWEHJXDUDQWHHGE\WKHFXUUHQWSUHVVXUHWXEHLQVSHFWLRQSURFHVV 
,Q WKLV ZRUN ZH SURSRVH DQ XQVXSHUYLVHG PDFKLQH OHDUQLQJ DSSURDFK WR JURXS WRJHWKHU VLJQDOV
GHULYHG IURP GHIHFWLYH UHJLRQV DQG VHSDUDWH WKHP IURP WKRVH GHULYHG IURP KHDOWK\ UHJLRQV RI D
FRPSRQHQW XQGHU LQVSHFWLRQ 7KH SURFHVV UHTXLUHV QR LQGLYLGXDOO\ ODEHOHG VLJQDOV QRU D SUHGHILQHG
QRUPDOVWDWH,WIROORZVDWZR-VWDJHFOXVWHULQJSURFHGXUHWKDWWDNHVLQWRDFFRXQWERWKVLJQDOIHDWXUHVDQG
SRVLWLRQIHDWXUHVHQDEOLQJQRLVHHOLPLQDWLRQ7KHH[WUDFWHGVLJQDOIHDWXUHVDUHVLPSOHVWDWLVWLFDOSURSHUWLHV
RI WKH VLJQDOV WKDW UHTXLUHQRZDYH-WUDQVIRUPDWLRQV)XUWKHUPRUH WKHQXPEHURI IHDWXUHV LV PLQLPDO WR
DYRLG WKH FXUVH-RI-GLPHQVLRQDOLW\ DQG WLPH-FRQVXPLQJ IHDWXUH-VSDFH WUDQVIRUPDWLRQV WKDW LQFUHDVH WKH
QXPEHURIWKHDVVXPSWLRQV(QDEOLQJWKLVSURFHGXUHLVDGHQVLW\-EDVHGFOXVWHULQJDOJRULWKP'%6&$1
ZKLFK RIIHUV DGYDQWDJHV IRU WKLV DSSOLFDWLRQ VXFK DV WKH GHWHFWLRQ RI DUELWUDULO\ VKDSHG FOXVWHUV QR
UHTXLUHPHQWWRSUHGHILQHWKHQXPEHURIFOXVWHUVDQGRXWOLHUGHWHFWLRQ 
7KLVSDSHUGHVFULEHVWKHDSSOLFDWLRQRIWKHPDFKLQHOHDUQLQJDSSURDFKWRLQVSHFWLRQGDWDRI&$1'8
UHDFWRUSUHVVXUHWXEHV7KHGDWDVHWVFRQVLVWRIXOWUDVRQLFVLJQDOVREWDLQHGE\D0+]QRUPDOLQFLGHQFH
SXOVH HFKR SUREH DQG WZR SDLUV RI D[LDO DQG FLUFXPIHUHQWLDO SLWFK-FDWFK SUREHV IURP DUHDV FRQWDLQLQJ
GHIHFWV 7KHLU ORFDWLRQ DQG VL]LQJ KDYH EHHQ YHULILHG PDQXDOO\ E\ LQGHSHQGHQW DQDO\VWV SURYLGLQJ D
YDOXDEOHVRXUFHIRU WKHDOJRULWKP¶VDVVHVVPHQWVWDJH,QLWLDO UHVXOWVRI WKHLPSOHPHQWDWLRQDUHSUHVHQWHG
DQGGLVFXVVHGZLWKWKHPHWKRGVKRZLQJSURPLVHDVDPHDQVRILGHQWLI\LQJSUHVVXUHWXEHGHIHFWV 
2 CANDU REACTORS 
2.1 CANDU Design 
&$1'8LVDW\SHRISUHVVXUL]HGKHDY\ZDWHUUHDFWRU3+:5WKDWXVHVQDWXUDOXUDQLXPDVIXHODQG
KHDY\ ZDWHU GHXWHULXP R[LGH '2 DV ERWK FRRODQW DQG PRGHUDWRU 7KH FRUH VWUXFWXUDO FRPSRQHQWVFRQVLVW RI ORZ QHXWURQ DEVRUELQJ PDWHULDOV ]LUFRQLXP DOOR\V DQG LWV GHVLJQ HQDEOHV KLJK QHXWURQ
HFRQRP\ ZKLFK LV FULWLFDO IRU DFKLHYLQJ ILVVLRQ WKURXJK D VXVWDLQHG FKDLQ UHDFWLRQ JLYHQ WKDW QDWXUDO
XUDQLXPKDVORZILVVLOHFRQWHQW7KHFRUHFRQVLVWVRIDORZ-SUHVVXUHVWHHOWDQNFDOOHGWKHFDODQGULDZKLFK
FRQWDLQV WKH PRGHUDWRU DQG DURXQG 
IXHOFKDQQHOVWKDWUXQDFURVVWKHOHQJWKRI
WKH FDODQGULD WDQN (DFK IXHO FKDQQHO
)LJ  FRQVLVWV RI D WKLQ ]LUFDOR\ WXEH
FDODQGULD WXEH WKDW FRQWDLQV DQRWKHU
WKLFNHU ]LUFDOR\ WXEH FDOOHG SUHVVXUH
WXEH7KH WZR WXEHVDUH VHSDUDWHGE\ WKH
DQQXOXVJDUWHU-VSULQJVSDFHUVWKDWFUHDWHD
JDS DOORZLQJ WKH IORZ RI DQ LQVXODWLQJ
JDVFDOOHGDQQXOXVJDV7KHIXHOEXQGOHV
DUHORFDWHGLQVLGHWKHSUHVVXUHUXEHVDQG
WKH\ DUH FRROHG E\ WKH KRW a R&
SUHVVXUHGa03DKHDY\ZDWHUFRRODQW
WKDWUXQVWKURXJKWKHSUHVVXUHWXEHV7KLV
FRQILJXUDWLRQHQDEOHVWKHLQVXODWLRQRIWKH
XQSUHVVXULVHG FRRO a R& PRGHUDWRU
IURPWKHKRWSUHVVXUL]HGFRRODQW Figure 1.  CANDU reactor fuel channel [10]. 
2.2 Pressure Tubes 
3UHVVXUH WXEHV DUH RQH RI WKH FULWLFDO FRPSRQHQWV RI SUHVVXUL]HG KHDY\ ZDWHU UHDFWRUV FXUUHQWO\
RSHUDWLQJ LQ$UJHQWLQD &DQDGD ,QGLD 3DNLVWDQ WKH5HSXEOLFRI.RUHD DQG 5RPDQLD 'XULQJ WKHLU 
\HDUGHVLJQOLIHWKH\DUHUHTXLUHGWRRSHUDWHUHOLDEO\LQDQH[WUHPHO\KDUVKHQYLURQPHQWRIKLJKSUHVVXUH
WHPSHUDWXUH DQG QHXWURQ IOX[$OWKRXJK WKH H[WHQVLYH TXDOLW\ FRQWUROV DQG PRQLWRULQJ RI WKH SUHVVXUH
WXEHV KDYH HQVXUHG D JRRG RYHUDOO SHUIRUPDQFH >@ SUHVVXUH WXEHV DUH VXEMHFWHG WR VRPH GHJUDGDWLRQ
PHFKDQLVPVIDFLOLWDWHGE\WKHVHYHUHFRQGLWLRQVZKLFKFRXOGFDXVHDSUHVVXUHWXEHIDLOXUH 
2QH RI WKH SULQFLSDO GHJUDGDWLRQ PHFKDQLVPV WKDW SUHVVXUH WXEHV H[SHULHQFH LV FRQFHQWUDWLRQ RI
K\GURJHQGHXWHULXPDWODUJHWHQVLOHVWUHVVHVZLWKLQWKHWXEH7KLVFDQSUHFLSLWDWHK\GULGHVWKDWLQLWLDWHD
SURFHVVFDOOHG'HOD\HG+\GULGH&UDFNLQJ'+&WKDWFDQFDXVHFRRODQWOHDNDJHSRWHQWLDOO\GDPDJLQJWKH
UHDFWRU7KHUHIRUHWKHUHLVDQHHGWRFORVHO\PRQLWRUDQ\SUHVVXUHWXEHWHQVLOHVWUHVVFRQFHQWUDWLRQVVXFK
DVIODZVDQGGHIHFWVFUHDWHGGXULQJWXEHPDQXIDFWXUHLQVWDOODWLRQFRPPLVVLRQLQJRURSHUDWLRQ([DPSOHV
RIVXFKIODZVLQFOXGHUHIXHOLQJVFUDWFKHVIXHOIUHWWLQJFUHYLFHFRUURVLRQDQGGHEULVIUHWWLQJ 
2.3 Inspection Setup 
7KH LQVSHFWLRQRI&$1'8SUHVVXUH WXEHV LVFXUUHQWO\PDLQO\SHUIRUPHGGXULQJ SODQQHG VWDWXWRU\
RXWDJHV7KLV SDSHU LV IRFXVHV RQ GDWD REWDLQHG E\ D PXOWLSOH XOWUDVRQLF SUREH WRRO NQRZQ DV &,*$5
*DXJLQJ$SSDUDWXVIRU5HDFWRUV7KHWRROFRQVLVWVRIWZRQRUPDOLQFLGHQFHSUREHV1%RSHUDWLQJDW
IUHTXHQFLHVRI0+]DQG0+]DQGWZRSDLUVRID[LDO
DQG FLUFXPIHUHQWLDO SLWFK-FDWFK SUREHV $3& DQG &3&
UHVSHFWLYHO\ >@ )LJ  LOOXVWUDWHV D VLPSOLILHG
FRQILJXUDWLRQ RI D 0+] 1% SUREH DQG WKH WZR SLWFK-
FDWFK SDLUV WKDW HIIHFWLYHO\ SURYLGH D PXOWL-YLHZ RI D
GHIHFW 
7KHSURFHVVRIDQDO\]LQJWKHVHGDWDVHWVRILQVSHFWLRQ
GDWD WR SURYLGH GHIHFW DVVHVVPHQW LV FXUUHQWO\ EHLQJ
FDUULHG PDQXDOO\ E\ H[SHUW DQDO\VWV 7KLV FRQVWLWXWHV D
WLPHFRQVXPLQJDQGFRVWO\RSHUDWLRQDVWKHUHDFWRUFDQQRW
EHUHVWDUWHGXQWLOWKHHQGRIWKHDVVHVVPHQWSURFHVV 
&XUUHQWO\ D QHZ PRUH DGYDQFHG WRRO NQRZQ DV
%5$1'( %5,06 $GYDQFHG 1RQ-'HVWUXFWLYH
([DPLQDWLRQLVEHLQJGHSOR\HGZKLFKLVDEOHWRSURYLGH
KLJKUHVROXWLRQGDWDRIVLJQLILFDQWO\ODUJHUYROXPH7KLVLV
KLJKOLJKWLQJ WKH QHHG IRU DQ DXWRQRPRXV VLJQDO DQDO\VLV
SURFHVV 7KH QH[W VHFWLRQ GHVFULEHV WKH SURSRVHG GDWD-
GULYHQ IUDPHZRUN WKDW DLPV WR SURYLGH GHFLVLRQ VXSSRUW
IRU WKH DVVHVVPHQW RI SRWHQWLDO GHIHFWV ZLWKLQ WKH
&$1'8SUHVVXUHWXEHVLQDUREXVWDQGFRQVLVWHQWZD\ 
3 PROPOSED FRAMEWORK 
3.1 Ultrasonic Inspection Data 
7KLVUHVHDUFKIRFXVHVRQGDWDVHWVFRQWDLQLQJWKHLQVSHFWLRQXOWUDVRQLFZDYHIRUPGDWDREWDLQHGE\WKH
0+] 1% WKH$3& DQG WKH &3& SUREHV RI WKH &,*$5 WRRO IURP VHFWLRQV RI WKH LQVLGH VXUIDFH RI
VHYHUDO SUHVVXUH WXEHV 7KH WRRO VFDQV WKH DUHD RI LQWHUHVW LQ D[LDO DQG URWDU\ LQFUHPHQWV HIIHFWLYHO\
SURYLGLQJDVHWRIWKUHHZDYHIRUPVIRUHDFKRIWKHLQGLYLGXDOSRVLWLRQV7KHUHFRUGHGZDYHIRUPVFRQVLVW
RIVDPSOHGDPSOLWXGHVDQGDUHSUHVHQWHGLQWKHIRUPRI$-6FDQV)LJ 
Figure 2.  Orientation of inspection probes. 
(DFKGDWDVHWLVREWDLQHGIURPVHSDUDWHDUHDVRILQWHUHVWWKDWDUHNQRZQWRFRQWDLQGHIHFWVRIGHEULV
IUHWWLQJ W\SH +RZHYHU WKH DYDLODEOH $-6FDQV DUH XQODEHOHG LH WKH LQGLYLGXDO VLJQDOV DUH QRW
DFFRPSDQLHGE\WKHLQIRUPDWLRQRIZKHWKHUWKHLUORFDWLRQLVZLWKLQRURXWVLGHWKHRIWHQLUUHJXODUO\VKDSHG
GHIHFWLYHDUHD,QVWHDGWKHLQIRUPDWLRQWKDWZLOOEHXVHGIRUDVVHVVLQJWKHSHUIRUPDQFHRIWKHIROORZLQJ
DQDO\VLVLVWKHYHULILHGGLPHQVLRQVDQGVWDUWLQJSRVLWLRQRIWKHGHIHFWV 
3.2 Feature Selection 
$VWKHDLPRI WKLV UHVHDUFK LV WR LGHQWLI\DQG LVRODWHJURXSVRIVLJQDOV LW LVXVHIXO WRFRQGHQVHWKH
LQIRUPDWLRQ FRQWDLQHG LQ HDFK VLJQDO DYHUDJH RI  GDWD SRLQWV RI DPSOLWXGH-WLPH SDLUV LQWR VPDOO
VXEVHWV RI UHSUHVHQWDWLYH IHDWXUHV ZKLFK DFW DV WKH LQSXW WR WKH OHDUQLQJ SURFHVV 'ULYHQ E\ WKH
UHTXLUHPHQW WR SURYLGH D JHQHUDO V\VWHP WKDW LV DEOH WR DGDSW WR WKH GLYHUVH VXUIDFH SUHVVXUH WXEH
FRQGLWLRQVDQG WKH LUUHJXODUO\ VKDSHGGHIHFWV WKH IHDWXUHVDUH VHOHFWHGEDVHGRQ D VHWRIFKDUDFWHULVWLFV
WKDWDLPVWRIDFLOLWDWHWKHIRUPDWLRQRIDQRQ-V\VWHP-VSHFLILFSURFHGXUH 
7KHEDVLVRI WKHSURSRVHGVHOHFWLRQ LV WKDW WKH IHDWXUHV VKRXOGEHGHVFULSWLYHFKDUDFWHULVWLFVRI WKH
LQGLYLGXDO VLJQDOV WKDW GRQRW UHTXLUH H[SOLFLW WKUHVKROG-EDVHG DVVXPSWLRQV DERXW WKH VLJQDO7KHUHIRUH
GHVFULSWLYH VWDWLVWLFDO PHDVXUHV WKDW TXDQWLWDWLYHO\ VXPPDUL]H WKH HQWLUH VLJQDO ZHUH FKRVHQ LQVWHDG RI
JDWLQJPHWKRGVRUPHWKRGVEDVHGRQGHWHFWLRQRIH[SOLFLWO\GHILQHGVLJQDOFKDUDFWHULVWLFV)XUWKHUPRUH
WKHVLJQDOVDUHQRWILOWHUHGWKURXJKVLJQDOWUDQVIRUPDWLRQSURFHGXUHVVXFKDV)RXULHU7UDQVIRUP)7DQG
'LVFUHWH:DYHOHW7UDQVIRUP ':7 )7 EHVLGHV LQFUHDVLQJ WKH FRPSXWDWLRQDO HIIRUW GRHV QRW SURYLGH
WLPH-UHODWHGLQIRUPDWLRQ$OWKRXJK':7SURYLGHVWHPSRUDOUHVROXWLRQLWZRXOGLQFUHDVHWKHFRPSOH[LW\
Figure 4.  Examples of C-Scans generated for two areas containing defects, utilising the values of 
individual features.  
(b) (a) 
Figure 3.  Examples of A-Scans obtained by different probes from the same position.  
RIWKHV\VWHPDVLWLVVHQVLWLYHWRWKHFKRLFHRIZDYHOHWW\SHDVZHOODVWKHOHQJWKRIWKHZDYHOHWILOWHU>@ 
7KH H[WUDFWHG VLJQDO IHDWXUHV DUH WKH YDULDQFH WKH PD[LPXP YDOXH WKH PLQLPXP YDOXH DQG WKH
LQGH[SRVLWLRQVRIWKHILUVW LQVWDQFHVRIPD[LPDDQGPLQLPDZLWKLQWKHVLJQDO7KHVHIHDWXUHVDOWKRXJK
VLPSOH DUH VKRZLQJ SURPLVLQJ FDSDELOLWLHVRI FDUU\LQJ LQIRUPDWLRQ DERXW WKH FRQGLWLRQ RI WKH SUHVVXUH
WXEHVXUIDFHDQGSRWHQWLDOGHIHFWV$ZD\RI LOOXVWUDWLQJ WKLV LQIRUPDWLRQ LVD WZR-GLPHQVLRQDO WRSYLHZ
SUHVHQWDWLRQ&-6FDQRIWKHGDWDVHWZKHUHHDFKSL[HOUHSUHVHQWVWKHSK\VLFDOSRVLWLRQRIDVLJQDODQGLWV
LQWHQVLW\UHSUHVHQWVWKHYDOXHRIWKHFRUUHVSRQGLQJVLJQDO¶VIHDWXUHHJ)LJ 
)LJDLOOXVWUDWHVDQH[DPSOHZKHUHWKHFRQGLWLRQRIWKHLQVLGHVXUIDFHRIWKHSUHVVXUHWXEHHQDEOHV
HDFK IHDWXUH WR SURGXFH D FOHDU YLHZ RI WKH ORFDWLRQ DQG VKDSH RI WKH GHIHFW +RZHYHU WKLV LV QRW WKH
JHQHUDOFDVHDVWKHSUHVHQFHRIYDULRXVIDFWRUVVXFKDVIRUHLJQPDWHULDORUDQGDFFXPXODWHGR[LGHRQWKH
VXUIDFH RI SUHVVXUH WXEHV DQG ZLWKLQ WKH GHIHFW FDQ FDXVH DGGLWLRQDO VLJQDO VFDWWHULQJ DQG UHIOHFWLRQV
FUHDWLQJ QRLV\ SDWWHUQV WKDW DUH PRUH FKDOOHQJLQJ WR EH DGGUHVVHG E\ WKH IHDWXUHV HJ )LJ E 7KH
UDQGRPEHKDYLRURIWKHVHIDFWRUVSRVHVDSUREOHPIRUPRGHOOLQJDQGSUHGLFWLQJWKHGHJUHHWRZKLFKWKH\
DIIHFWWKHSHUIRUPDQFHRIWKHIHDWXUHVRQHDFKXQLTXHSUHVVXUHWXEHHQYLURQPHQW7KHUHIRUHWKHSURSRVHG
PHWKRGRORJ\XWLOL]HVWKHIXOOVHWRIHTXDOO\ZHLJKWHGIHDWXUHVWRUHSUHVHQWWKHVLJQDOVLQWKHXQVXSHUYLVHG
OHDUQLQJSURFHVV 
3.3 Unsupervised Signal Analysis 
3.3.1 DBSCAN clustering algorithm 
7KHSUREOHPRIJURXSLQJWRJHWKHUXQODEHOHGXOWUDVRQLFVLJQDOV
LV EHLQJ DSSURDFKHG E\ DQ XQVXSHUYLVHG FOXVWHULQJ PDFKLQH
OHDUQLQJ DOJRULWKP FDOOHG '%6&$1 'HQVLW\-%DVHG 6SDWLDO
&OXVWHULQJRI$SSOLFDWLRQVZLWK1RLVH>@'%6&$1LVEDVHGRQ
WKHLGHDWKDWGDWDSRLQWVLQGHQVHUHJLRQVZLOOIRUPDFOXVWHUZKLOH
GDWDSRLQWVIURPGLIIHUHQWFOXVWHUVZLOOEHVHSDUDWHGE\ORZGHQVLW\
UHJLRQV 7KLV DSSURDFK GLIIHUV IURP RWKHU FOXVWHULQJ DOJRULWKPV
VXFK DV N-PHDQV >@ DQG PHDQ VKLIW >@ ZKHUH WKH FOXVWHUV DUH
GHILQHGE\ WKHLU FHQWHUV7KLV FDXVHV WKHP WRXQGHUSHUIRUPZKHQ
SURFHVVLQJ QRQ-VSKHULFDO VKDSHG FOXVWHUV $Q LOOXVWUDWLRQ RI LWV
FDSDELOLWLHV YHUVXV N-PHDQV DQG PHDQ VKLIW LV VKRZQ RQ )LJ 
ZKLFK LOOXVWUDWHV WKHLU LQDELOLW\ WR KDQGOH DUELWUDULO\ VKDSHG
FOXVWHUV ,W DOVRVKRZVDQRWKHUGLVDGYDQWDJHRIN-PHDQVZKLFK LV
WKHSUHGHILQHGQXPEHURIFOXVWHUV6LQFH WKHSURSRVHGDSSOLFDWLRQ
LV DLPHG DW KDQGOLQJ LQVSHFWLRQ VLJQDOV WKH DOJRULWKP VKRXOG EH
DEOH WR GHWHUPLQH WKH GLIIHUHQW D SULRUL XQNQRZQ QXPEHU RI
JURXSV DQG QRW IRUFLQJ WKH GDWD WR ILW WKH DVVXPSWLRQV DERXW WKH
GDWDVHW 7KH WKUHH DGYDQWDJHV RI '%6&$1 ZKLFK DUH FULWLFDO IRU
RXUDSSOLFDWLRQDUH 
 'HWHFWLRQRIDUELWUDULO\VKDSHGFOXVWHUV 
 1RDVVXPSWLRQDERXWWKHQXPEHURIFOXVWHUV 
 'HWHFWLRQRIQRLVHDQGRXWOLHUV 
'%6&$1 UHTXLUHV WZR LQSXW SDUDPHWHUV HSV 0D[LPXP
UDGLXVRIWKHQHLJKERUKRRG0LQ3WV0LQLPXPQXPEHURISRLQWVLQ
WKH HSV-QHLJKERUKRRG RI D SRLQW DQG RSHUDWHV E\ LWHUDWLYHO\
GLVWLQJXLVKLQJHDFKGDWDSRLQWDVRQHRI WKH IROORZLQJ W\SHV )LJ
 
Figure 6. Example of DBSCAN 
cluster with parameters MinPts: 3 
and eps: radius. 
Figure 5. Comparison of k-
means, Mean Shift and DBSCAN 
[16]. 
x &RUHSRLQWSRLQWZLWKDGHQVHQHLJKERUKRRG 
x %RUGHUSRLQWSRLQWWKDWEHORQJVWRDFOXVWHUEXWLWVQHLJKERUKRRGLVQRWGHQVH 
x 1RLVHSRLQWSRLQWWKDWGRHVQRWEHORQJWRDQ\FOXVWHU 
3.3.2 Feature standardization 
$IWHUWKHIHDWXUHH[WUDFWLRQVWHSHDFKVLJQDOLVUHSUHVHQWHGE\LWVFRUUHVSRQGLQJVHWRIIHDWXUHYDOXHV
7KLV HQDEOHV JUHDWHU FRPSXWDWLRQDO HIILFLHQF\ GXULQJ WKH VXEVHTXHQW FOXVWHULQJ SURFHGXUH GXH WR WKH
LQKHUHQWUHGXFWLRQRIWKHVHDUFKVSDFH3UHFHGLQJWKHFOXVWHULQJSURFHGXUHLVDSUH-SURFHVVLQJVWHSZKLFK
UHIRUPDWV WKH IHDWXUHV RQWR WKH VDPH VFDOH IHDWXUH VFDOLQJ7KLV LV UHTXLUHG E\ DOJRULWKPV ZKLFK XVH
GLVWDQFHPHWULFVVXFKDVWKH(XFOLGHDQGLVWDQFHDVWKHUHVFDOHGYDOXHVRIWKHIHDWXUHVZLOOHQVXUHWKDWWKH
FRPSXWHGGLVWDQFHVDUHQRWGRPLQDWHGE\IHDWXUHVZLWKLQWULQVLFDOO\ODUJHQXPHULFYDOXHV7ZRFRPPRQ
DSSURDFKHVWRVFDOLQJDUHQRUPDOL]DWLRQDQGVWDQGDUGL]DWLRQ1RUPDOL]DWLRQLVRIWHQDSSURDFKHGDVDFDVH
RI PLQ-PD[ VFDOLQJ ZKHUH WKH IHDWXUH YDOXHV DUH UHVFDOHG WR D UDQJH RI > @ 7KLV ZRUN XVHV WKH
VWDQGDUGL]DWLRQDSSURDFKZKLFKUHVFDOHVWKHIHDWXUHYDOXHVVRWKDWWKH\DUHUH-FHQWHUHGDURXQG]HUR]HUR
PHDQZLWKVWDQGDUGGHYLDWLRQ7KHFDOFXODWLRQRIWKHQHZVWDQGDUGL]HGYDOXHݔ௦௧ௗሺ௜ሻ RIDVDPSOHݔሺ௜ሻLVH[SUHVVHGE\(TXDWLRQ 
 ݔ௦௧ௗሺ௜ሻ ൌ ௫ሺ೔ሻି௫ҧఙ   
ZKHUHݔҧLVWKHVDPSOHPHDQRIWKHSDUWLFXODUIHDWXUHDQGߪLVWKHFRUUHVSRQGLQJVWDQGDUGGHYLDWLRQ 
3.3.3 Two-stage clustering 
$IWHU SUH-SURFHVVLQJ WKH VWDQGDUGL]HG IHDWXUHV DUH SURFHVVHG E\ WKH ILUVW VWDJH RI WKH FOXVWHULQJ
SURFHGXUHXVLQJWKH'%6&$1DOJRULWKP7KLVVWHSDLPVDWUHGXFLQJWKHVL]HRIWKHVDPSOHE\HOLPLQDWLQJ
DV PDQ\ DV SRVVLEOH µKHDOWK\¶ VLJQDOV DQG LVRODWH VLJQDOV RI DPELJXRXV QDWXUH 7KH RXWSXW RI WKLV
FOXVWHULQJLVDODEHODWWDFKHGWRHDFKXQLTXHIHDWXUHVHWLQGLFDWLQJWKHFODVVJURXSWKDWLWEHORQJV7KHVH
ODEHOVDUHDOVRPDSSHGEDFNWRDQ\VDPSOHVWKDWGLGQRWSDUWLFLSDWHLQWKHFDOFXODWLRQVEHFDXVHWKH\VKDUHG
RQH RI WKH XQLTXH VHW RI IHDWXUH YDOXHV *LYHQ WKH XQEDODQFHG QDWXUH RI WKH GDWDVHWV LH WKH KHDOWK\
VHFWLRQRIWKHWHVWHGDUHDLVODUJHUWKDQWKHGHIHFWLYHVHFWLRQDQDVVXPSWLRQLVPDGHWKDWWKHJURXSZLWK
WKHODUJHUQXPEHURIPHPEHUVEHORQJVWRWKHKHDOWK\VHFWLRQWKXVWKHUHPDLQLQJJURXSVFRQWDLQSRWHQWLDO
GHIHFWLYHDUHDVRUQRLVH7KHUHIRUHRQO\WKHVPDOOHUJURXSVRIVDPSOHVZLOOSURFHHGWRWKHQH[WFOXVWHULQJ
VWDJH 
7KHVDPSOHVWKDWSURFHHGDWWKHVHFRQGVWDJHRIWKHFOXVWHULQJSURFHGXUHDUHEHLQJUHSUHVHQWHGRQO\
E\ WKHLU ORFDWLRQ SURSHUWLHV LH D[LDO SRVLWLRQ DQG URWDU\ SRVLWLRQ DQG DUH DOO FRQVLGHUHG DV SRWHQWLDO
µGHIHFWLYH¶VLJQDOV7KHGXDOSXUSRVHRIWKLVVWDJHLVWR 
x (OLPLQDWHRXWOLHUVQRLVHE\LGHQWLI\LQJVDPSOHVWKDWDUHQRWPHPEHUVRIWKHµKHDOWK\¶JURXS
DQGDUHORFDWHGLQDVSDUVHQHLJKERUKRRG 
x *URXS WRJHWKHU VDPSOHV WKDW DUH QRW PHPEHUV RI WKH µKHDOWK\¶ JURXSDQG DUH ORFDWHG LQ D
GHQVHQHLJKERUKRRG 
7KLVVWHSLVHVVHQWLDOIRUIRUPXODWLQJWKHILQDOJURXSFRPSULVLQJRIVDPSOHVZKLFKDUHPHPEHUVRI
WKHGHIHFW,WSURYLGHVWKHPHDQVWRJURXSWRJHWKHUVLJQDOVWKDWDOWKRXJKREWDLQHGIURPDGHIHFWLYHUHJLRQ
PLJKW QRW EH LQLWLDOO\ JURXSHG WRJHWKHU D FRQVHTXHQFH RI WKH GLYHUVH FKDUDFWHULVWLFV WKDW FRQVWLWXWH D
GHIHFW DQG WKHLU GLIIHUHQW LPSDFW RQ WKH UHIOHFWHG VLJQDOV 7KHUHIRUH WKH ORFDWLRQ-EDVHG FOXVWHULQJ LV
DLPLQJDWUH-JURXSLQJWKRVHVLJQDOVWRJHWKHUXWLOL]LQJWKHIDFWWKH\VKRXOGEHORFDWHGLQFORVHSUR[LPLW\ 
7KHRXWSXWRI WKLV ORFDWLRQ-EDVHGFOXVWHULQJ LV WKHXSGDWHG VLJQDO ODEHOV6DPSOHV WKDW EHORQJ WRD
JURXSDUHFODVVLILHGDVSDUWRIWKHGHIHFWLYHUHJLRQDQGVDPSOHVWKDWZHUHFODVVLILHGDVQRLVHRXWOLHUVDUH
GLVFDUGHGDVEHLQJPHPEHUVRIWKHKHDOWK\UHJLRQ)LJSURYLGHVDKLJK-OHYHOIORZFKDUWWKDWVXPPDUL]HV
WKHVWHSVWDNHQE\WKHFOXVWHULQJSURFHGXUH7KLVSURFHVVFDQEHDSSOLHGWRWKHGLIIHUHQWGDWDVHWVREWDLQHG
E\HDFKRIWKHXOWUDVRQLFSUREHV$3&&3&DQG0+]1% 
4  RESULTS 
)LJSUHVHQWVH[DPSOHVRI&-6FDQVDIWHUDSSO\LQJWKHVLJQDOFOXVWHULQJSURFHGXUHWRWKUHHGLIIHUHQW
,QGLFDWLRQVDUHDVWKDWFRQWDLQGHIHFWVIRUHDFKRIWKHGDWDVHWVREWDLQHGE\WKHGLIIHUHQWXOWUDVRQLFSUREHV
(DFKSL[HOUHSUHVHQWVWKHODEHODVVLJQHGWRWKHFRUUHVSRQGLQJ$-6FDQµZKLWH¶UHSUHVHQWVVLJQDOVFODVVLILHG
DVµKHDOWK\¶DQGWKHGDUNHUFRORUVUHSUHVHQWµGHIHFWLYH¶VLJQDOV+RZHYHUWKHUHDUHFDVHVZKHUHORFDWLRQV
RIWKHKHDOWK\VHFWLRQDUHLQGLFDWHGDVµGHIHFWLYH¶HJWKHJUH\DUHDVRI)LJD$3&DQG)LJE$3&
7KLV LV D UHVXOW RI WKH GLIIHUHQW FRQGLWLRQV RI WKH SUHVVXUH WXEH DQG WKH DUHD VXUURXQGLQJ WKH GHIHFW
DIIHFWLQJKHDYLO\WKHSURSDJDWLQJVLJQDOV+RZHYHUWKHGLYHUVLW\RIWKHSUREHFRQILJXUDWLRQVKRXOGHQDEOH
IXWXUHZRUNWRHOLPLQDWHWKHµQRLV\¶FOXVWHUVE\IXVLQJWKHUHVXOWVRIWKHGLIIHUHQWSUREHV 
&XUUHQWO\ WKH DOJRULWKP UHTXLUHV PDQXDO WXQLQJ RI D FOXVWHULQJ SDUDPHWHU HSV 7R H[SORUH WKH
VHQVLWLYLW\RIWKHV\VWHPWRWKHYDOXHVRIWKHSDUDPHWHUWKHDOJRULWKPZDVDSSOLHGWRXQLTXHLQGLFDWLRQV
DQG WKH UHVXOWV ZHUH FRPSDUHG WR WKH SURYLGHG YHULILHG GHIHFW GLPHQVLRQV )LJ  SUHVHQWV KRZ PDQ\
SHUFHQWDJH RI WKH DYDLODEOH LQGLFDWLRQV FDQ HDFK RI WKH HSV YDOXHV PHDVXUH WKHLU ZLGWK LQ DEVROXWH
GLIIHUHQFHOHVVWKDQIRUHDFKRIWKHXOWUDVRQLFSUREHV 
7KHUHVXOWV LQGLFDWH WKDWQRVLQJOHSDUDPHWHUYDOXHFDQVDWLVI\HDFKRI WKHXQLTXH LQGLFDWLRQV7KH
DPRXQW RI LQIRUPDWLRQ DERXW WKH GHIHFW WKDW LV DYDLODEOH IRU H[WUDFWLRQ IURP D GDWDVHW GHSHQGV RQ WKH
FRQGLWLRQRI WKHSUHVVXUH WXEH IRUHLJQ PDWHULDO RU FRUURVLRQ WKH FKDUDFWHULVWLFVRI WKHGHIHFW DQG WKH
Figure 7. Flowchart of the clustering procedure. 
Figure 8. Examples of C-Scans resulted from the signal clustering procedure. 
(a) (b) (c) 
EHKDYLRU RI HDFK LQVSHFWLRQ SUREH XQGHU WKH JLYHQ IRUPHU FRQGLWLRQV 7KHUHIRUH WKHUH LV D QHHG IRU
WUDLQLQJWKHDOJRULWKPWRDXWRPDWLFDOO\LGHQWLI\WKHPRVWDSSURSULDWHFOXVWHULQJSDUDPHWHUIRUHDFKFDVH 
 
5 FURTHER WORK 
7KHPRVWLPSRUWDQWVWHSIRUUHILQLQJWKLVZRUNLVWKHLPSOHPHQWDWLRQRIDWUDLQLQJSURFHGXUHWKDWZLOO
FUHDWHDSUHGLFWLYHPRGHOIRUSURYLGLQJWKHDSSURSULDWHHSVSDUDPHWHUYDOXHJLYHQVRPHFKDUDFWHULVWLFVRI
WKH WHVWHG DUHD ,QLWLDOO\ WKLV ZLOO UHTXLUH D WUDLQLQJ GDWDVHW FRQWDLQLQJ H[WUDFWHG DWWULEXWHV RI NQRZQ
SURFHVVHGGDWDVHWVDORQJZLWKWKHHSVYDOXHWKDWSURGXFHGWKHEHVWUHVXOWRQHDFKGDWDVHW 
+RZHYHURQHIDFWRULVOLPLWLQJWKHFXUUHQWZRUNWRDSSURDFKWKHWUDLQLQJSURFHGXUH)LUVWWKHUHLVD
QHHGWRGHILQHZKDWPDNHVDUHVXOWEHWWHUWKDQDQRWKHU%\PDQXDOO\DVVHVVLQJWKHFXUUHQWSURGXFHGUHVXOWV
IURPYDULRXVHSVYDOXHV LWKDVEHHQLGHQWLILHGWKDWWKHUHDUHFDVHVZKHUHWKHVHOHFWLRQRIWKHEHVWUHVXOW
FDQ EH DQ DPELJXRXV SURFHVV$Q H[DPSOH RI WKLV ZRXOG EH D UHVXOW WKDW PDWFKHV WKH YHULILHG GHIHFW
GLPHQVLRQVEXW DOVR UHWXUQV ODUJH DPRXQWVRIQRLVHRU DQRLVHOHVV UHVXOW WKDWXQGHUHVWLPDWHV WKHGHIHFW
GLPHQVLRQV,WLVFUXFLDOWRVWDQGDUGL]HWKHSURFHVVRIVHOHFWLQJWKHEHVWHSVIRUWKHNQRZQYHULILHGGHIHFWV
DVWKH\FRQVWLWXWHWKHODEHOVWKDWZLOOEHXVHGIRUWKHWUDLQLQJSURFHVVRIWKHSUHGLFWLYHVHOHFWLRQPRGHO 
)XUWKHUPRUH DOWKRXJK WKH FXUUHQW ZRUN GHYHORSHG D IUDPHZRUN WKDW FDQ EH DSSOLHG WR GDWDVHWV
FDSWXUHGE\XOWUDVRQLFSUREHVRIGLIIHUHQWFRQILJXUDWLRQVLWGRHVQRWXWLOL]HWKHH[WUDFWHGLQIRUPDWLRQLQD
XQLILHG ZD\ )XVLQJ UHVXOWV REWDLQHG IURP GLIIHUHQW SUREHV FRXOG SRWHQWLDOO\ SURYLGH D PRUH LQIRUPHG
HVWLPDWLRQRI WKHGHIHFWV¶GLPHQVLRQVDQGVKDSHDVZHOODVHOLPLQDWLRQRIQRLV\FOXVWHUV7KHIXVLRQRI
WKHVH UHVXOWV FRXOG EH DSSURDFKHG E\ WUHDWLQJ HDFK LVRODWHG SUREH PRGHO DV D FODVVLILHU DQG IRUP DQ
HQVHPEOHOHDUQLQJVFKHPH>@ 
6 CONCLUSION 
'HIHFWVRQ WKH LQVLGHVXUIDFHRI&$1'8SUHVVXUH WXEHV IDFLOLWDWH'+&ZKLFKFDQ OHDG WRFRRODQW
OHDNDJHDQGFDQSRWHQWLDOO\GDPDJHWKHUHDFWRU7KLVZRUNKDVLQWURGXFHGDQHZDSSURDFKIRULGHQWLI\LQJ
WKHVHGHIHFWVWKURXJKGDWD-GULYHQDQDO\VLVRI WKHDYDLODEOHXQODEHOHGSUHVVXUHWXEHXOWUDVRQLFLQVSHFWLRQ
VLJQDOV 7KH IUDPHZRUN XVHV VLPSOH GHVFULSWLYH VWDWLVWLFV DV IHDWXUHV DQG D WZR-VWDJH XQVXSHUYLVHG
GHQVLW\-EDVHG FOXVWHULQJ SURFHGXUH DQG LW ZDV WHVWHG RQ UHDO GDWDVHWV REWDLQHG IURP WKH LQVSHFWLRQ RI
VHYHUDO SUHVVXUH WXEHV ,QLWLDO UHVXOWV ZHUH GLVFXVVHG ZLWK WKH PHWKRG VKRZLQJ SURPLVH DV D PHDQV WR
GHWHFWDQGPHDVXUHGHIHFWV)XUWKHUPRUHWKLVSDSHUGLVFXVVHGWKHOLPLWDWLRQVRIWKHSURSRVHGV\VWHPDQG
SURSRVHG IXWXUH VWHSV WR LPSURYH LWV SHUIRUPDQFH DQG HOLPLQDWH WKH QHHG IRU PDQXDOO\ VHOHFWLQJ D
FOXVWHULQJSDUDPHWHU 
Figure 9.  Application of different eps values to 37 indications. Percentage of achieved absolute 
width difference below 25%. 
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